Abstract We propose the use of the average spectra of northern strong-motion stations located at the hill zone (e.g., MD, TX, ES, 64) as the reference for Mexico City's ground motion. This virtual-site proposal is based on the analysis of recent data from the Mexico City Acelerometric Network. The northern stations show amplitudes, both in time and frequency, that are consistently smaller than those of hillzone stations located south and west of the city (e.g., CU). It is well known that CU, the historical reference site in Mexico City, and other sites to the southwest, present amplifications, whereas the northern ones appear to be free of such effects. The spectral ratio of the averages of the stations located in the south and west with respect to the northern stations shows a relatively constant amplification of up to 3 times in the 0.7-10.0-Hz-frequency band. This amplification is a very unusual feature that should be explained. The geologic conditions at the hill zone show that older, Miocene-age deposits are located north of the city. Considering that northern sites represent the basement, we assume that the configuration along the hill zone in the N-S direction can be approximated by a simple, dipping, homogeneous layer. We computed the antiplane seismic response for this model and averaged and compared it with the spectral ratio obtained from strong ground motion data. The agreement is good and suggests how a smooth, large-scale feature could amplify seismic ground motion in a broad frequency band.
Introduction
It has long been established that soil types respond differently when subjected to ground motion from earthquakes. Usually, the younger, softer soils amplify ground motion relative to older, more competent soils or bedrock (Aki, 1988) . One of the goals of engineering seismology is to obtain reliable estimates of ground-motion amplification throughout metropolitan regions in earthquake-prone areas. The measurements of ground motion are useful to distinguish regions where the seismic hazard is large due to local amplification from the surface geology and subsurface structure. To define seismic ground-motion amplification, it is mandatory to establish with respect to which motion the amplification takes place. Such reference motion is thus characteristic of a reference site. In fact, an ideal reference site allows investigators to obtain trustworthy estimates of the input motion that affects the soil at nearby locations.
Regarding Mexico City, Singh et al. (1988) computed spectral ratios for some events by using the station CU as reference motion. The use of CU as a reference was obvious: since 1964, Ͼ20 moderate and strong earthquakes were recorded there. The ratios computed at each site by Singh et al. showed roughly the same behavior during different earthquakes. However, such ratios exhibited significant variations when used to predict site-amplification effects. Reinoso (1996) and Reinoso and Ordaz (1999) proved that these differences were smaller, and sometimes much smaller, when the average Fourier amplitude spectra of south and west hillzone stations were used as the reference motion. Singh et al. (1988 Singh et al. ( , 1995 and Ordaz and Singh (1992) pointed out that the hill zone in the Valley of Mexico suffers important amplification with respect to that predicted by the attenuation laws. This amplification could be as large as 10 for frequencies between 0.2 and 0.7 Hz. On the other hand, Pacheco and Singh (1995) studied several intermediatedepth, normal-faulting events recorded in Mexico City. They found that S waves are amplified 2.5 times between 0.2 and 3.0 Hz. To correctly estimate ground motion at various sites using CU as a reference, the station-site effects have to be removed.
Recent studies of Mexico City Valley report significant differences between southwestern and northern hill-zone stations (Reinoso and Ordaz, 1999; Montalvo-Arrieta et al., 2001) . Putting aside the spectacular amplifications of ground motion in the lake zone, the differences discovered in the hill zone are striking. Ordaz and Singh (1992) found that strong ground motion at station MD, located in the northern part of the hill zone, was smaller when compared with the southern and western hill-zone motions. They suggested that the cause of the observed increase in the amplitudes of seismic waves at the latter hill sites is related to a relatively shallow (Ͻ1 km) clay deposit that was emplaced in a basin that existed in late Oligocene to Pliocene times.
Average spectral ratios of southern and western sites relative to northern stations display an approximately constant amplification factor of ϳ3 in the frequency band between 0.7 and 10.0 Hz. This constant, average amplification in such a wide frequency range needs to be explained. This behavior is unusual for the majority of models employed in seismology. A possible exception is the wedge. In fact, considering that (1) the northern sites reasonably represent the basement rock and (2) the Quaternary deposits pinch out smoothly toward the north, we assumed a simple, homogeneous, dipping layer and computed the average amplification for incident SH waves.
In this work, we present new evidence that the northern sites in the hill zone appear to be free of site effects. We propose to use northern, strong ground motion as a virtual reference site free of local and regional-amplification effects, because a regional-amplification factor of 3 times for CU and other sites located at the southern hill zone has been observed. This virtual-site proposal is based on the analysis of recent data from the Mexico City Accelerometric Network.
Geologic Setting
The basin of Mexico is located in the central part of the Mexican Volcanic Belt Volcanic rocks form the geology of the basin, which is filled by lacustrine sediments, volcanic tuff, sands, and gravels. The Valley of Mexico has been divided into three regions based on the geotechnical characteristics of its shallow layers: (1) the hill zone, formed by volcanic tuffs and lava flows; (2) the lake-bed zone, formed by clays with thicknesses varying from 10 to 130 m; and (3) the transition zone, composed of alluvial sandy and silty layers, with scattered clay layers (Marsal and Mazari, 1959) . Figure 1 shows these geotechnical zones together with the accelerometric stations and some reference sites.
The southern part of the hill zone is formed by recent Quaternary lava flows from the Sierra de Chichinautzin (sites CU, 13, 34, 40, and 74; Fig. 1 ). The western portion is dominated by tuffs (sites CH, TY, 07, and 74), whereas the northern part is composed of Miocene lava (sites MD, TX, ES, and 64) that overlies volcanic rocks of Oligocene age. This Miocene lava underlies the deposits from Sierra de Chichinautzin and the tuffs of the western portion. Figure  2 shows a geologic cross section across the Valley in the north-south direction (Mooser et al., 1996) , from Sierra de Guadalupe to Sierra de Chichinautzin (Fig. 1 ). In this cross section, it is clear that the horizon of Miocene lava is dipping to the south.
Data and Analysis
After the extensive damage caused by the M s 8. 1, 1985 Michoacán earthquake in Mexico City, the accelerometer array has grown considerably. It now consists of Ͼ90 freefield, digital accelerometric stations, 18 of them in the hill zone (stations 07, 13, 18, 21, 28, 34, 40, 50, 64, 74, 78 , ES, CH, CU, CN, MD, TX, and TY). Stations 18 and 28 at the Cerro de la Estrella and Peñon outcrops are not included in this work, because they probably present significant topographic effects (Reinoso and Ordaz, 1999) . Data from two recent earthquakes of M Ն7 are presented. Records correspond to hill-zone stations, and emphasis is placed on the northern ones.
The Earthquake of 14 September 1995, M s 7.3
The epicenter of this subduction-zone earthquake is located 300 km south of Mexico City. The hypocenter was located at 17-km depth, and the focal mechanism was found to be shallow-angle thrust. Reinoso and Ordaz (1999) pointed out that the northern stations MD, TX, ES, and 64 show the smallest amplitudes, both in frequency and time domains. This may be due to a strong change in the geologic conditions between the southwestern and northern parts of the hill zone. The older rocks are located to the north of the city. Attenuation is not an important factor, because the distance between the southern and western stations and the northern stations is small compared with the epicentral distance. Thus, the distance from CU to ES is ϳ20 km, Ͻ10% of the epicentral distance. Figure 3 shows the accelerograms corresponding to the north-south component of motion. The accelerograms in Figure 3 differ in amplitude and duration of motion (Reinoso and Ordaz, 1999) . Figure 4 displays the smoothed Fourier amplitude spectra of both horizontal components of motion (Reinoso and Ordaz, 1999) . The largest spectral amplitude is presented for the stations of the southwest. Also shown in Figure 4 are the average spectra of the southwestern average station, ASW, and the northern average station, AN (thick lines).
The Earthquake of 15 June 1999, M w 7.0
The epicenter of this normal-fault earthquake (60 km deep) was located southwest of Tehuacán, Puebla. It caused severe damage in the states of Puebla and Morelos (Singh et al., 1999) . In Mexico City, ϳ200 km to the west of the epicenter, damage was associated with nonstructural elements only (Singh et al., 1999) . Figure 5 shows the north-south accelerograms from this earthquake recorded at hill-zone sites and at station CUER in Cuernavaca, located over firm soil but outside the valley (39 km south of station CU). The accelerograms show unusually large amplitude and high-frequency content. Singh et al. (1999) explained these observations as caused by source directivity toward the northwest and related these larger accelerations to greater damage observed toward the northwest of the epicenter. Figure 6 shows the Fourier amplitude spectra of both horizontal components of motion. The largest spectral amplitude is presented for stations Figure 1 . Mexico City: accelerometric stations (dots), geotechnical zones (gray scale), and some streets and city sites. The accelerometric network consists of Ͼ90 free-field digital accelerometers, 18 of them located at the hill zone (07, 13, 18, 21, 28, 34, 40, 50, 64, 74, 78 , ES, CH, CN, CU, MD, TX, and TY). Figure 2 . Geologic cross section across the Valley from Sierra de Guadalupe (north) to Sierra de Chichinautzin (south). This cross section is based on field geology, geologic information, and seismic-reflection and refraction data (Mooser et al., 1996) . (Reinoso and Ordaz, 1999) .
CUER, 34, and 74. Also shown in Figure 6 are the average spectra of the southern and western stations, ASW, and northern stations AN.
Spectral Ratio between the Southwestern and Northern Stations Figure 7 shows the average north-south component Fourier spectra for both events for hill-zone stations in the south, west, and north. Notice the difference between the two types of earthquakes: for the 1999 intraplate earthquake, the maximum spectral amplitudes occur at frequencies Ͼ1 Hz, whereas in the 1995 subduction-zone earthquake, the maximum amplitude occurs at frequencies Ͻ1 Hz. Similar to Figures 4 and 6, Figure 7 shows that for each earthquake, spectral shapes are very similar, but strong variations exist in the amplitudes of both groups of stations. The difference is up to 3 times for both earthquakes. Although not shown previously, a similar response was observed for the eastwest component for both earthquakes.
To compute amplification factors for the southwestern stations with respect to the northern stations, we eliminated the effects of azimuth, path, magnitude, and depth by using the spectral-ratio technique. Figure 8 shows these ratios with a practically constant amplification of 3 for the 14/09/1995 earthquake and of 3.5 for the 15/06/1999 earthquake. This difference between amplitudes of the two spectral ratios suggests that the incident wave-field character plays an important role in the excitation of the hill zone (Pacheco and Singh, 1995; Montalvo-Arrieta et al., 2001 ). (Reinoso and Ordaz, 1999) .
A Dipping Layer
The amplification observed in Figures 7 and 8 is almost constant for a wide range of frequencies. The puzzle is then to find a model that can reproduce and explain these observations. We assume that the configuration along the hill zone in the north-south direction (Fig. 1) can be a simple wedge as show in Figure 2 , where the Miocene lava is dipping south underneath the tuffs and lava flows. This may be a rough approximation, but the response may give us some clues as to how to interpret the observations.
The antiplane seismic response of a dipping layer when the moving basement is rigid has an analytic solution under certain geometry conditions (Sánchez-Sesma and Velázquez 1987) . Indeed, for dip angles from the horizontal (free surface) of the form p/2N, where N ‫ס‬ 1, 3, 5, . . . , the exact surface displacement, v, for a harmonic-antiplane motion of the base, given by exp(ixt), where , x is the ciri ‫ס‬ ‫1מ‬ Ί cular frequency, and t is the time, can be written as
where M ‫ס‬ (N ‫מ‬ 1)/2, e n is the Neumann factor (e n ‫ס‬ 1 if n ‫ס‬ 0; e n ‫ס‬ 2 if n Ն 1), k ‫ס‬ x/b is the shear-wave number, b is the shear-wave velocity, x is the horizontal coordinate (Fig. 9) , and h j is given by h j ‫ס‬ (N ‫מ‬ 2j ‫מ‬ 1)p/2 N . The first ray, j ‫ס‬ 0, represents the plane wave emitted from the moving base. The image rays and the next reflections arise from boundary conditions. To widen the range of application of equation (1), we consider an elastic boundary, including and 19 that corresponds to dip angles of 2, 3, and 5 degrees, respectively. For N ‫ס‬ 19, the seismic response is, on average, 0.5 times smaller than the response for N ‫ס‬ 31, and for N ‫ס‬ 51, the seismic response at low frequencies is very different from the observed ratio because the maximum thickness is ϳ500 m. We propose that N ‫ס‬ 31 is adequate because the maximum thickness for the dipping layer with (where Q, the quality factor, is included). Then expression (1) becomes
where R l ‫ס‬ 1 if l ‫ס‬ 0, and
where b and q are the shear-wave velocity and density, respectively. Index 1 indicates the half-space, whereas 2 is for the material inside the wedge. We calculated the transfer functions of stations located along the free surface from 3 to 16 km. They are equally spaced with a distance of 1 km, with b l ‫ס‬ 1,500 m/sec, b 2 ‫ס‬ 700 m/sec, q l ‫ס‬ 2.0 g/cm 3 , q 2 ‫ס‬ 1.5 g/cm 3 and Q ‫ס‬ 250. These values were taken from Singh et al. (1995) and correspond to the structure below western and northern stations. Figure 10 shows the transfer function for N ‫ס‬ 51, 31, may be scattering seismic waves coming from the southeast, an effect that is visible only at northern stations. On the other hand, in the north-south direction, the geologic structure of the Valley is more homogeneous, so the differences between the north and south are not as large (Fig. 2) .
Conclusions
Using data from two earthquakes, we have found that spectral ratios of the averages of the stations located in the southern and western parts of the hill zone in Mexico City show a relatively constant amplification Ͼ3 in the 0.7-to 10.0-Hz frequency band, compared with stations in the northern part.
Considering that northern hill-zone sites represent the basement, we assume that the configuration along the hill zone in the north-south direction can be approximated by a simple, dipping, homogeneous layer. We computed the anti- this angle corresponds to a value of ϳ900 m, which is similar to the one mentioned by Ordaz and Singh (1992) . Those authors found that station MD, located at the northern part of the hill zone, has no amplification compared with the motion at the southern and western stations. They suggested that the cause of the observed increase in the amplitudes of seismic waves at the other hill sites is related to a relatively shallow (Ͻ1 km) clay deposit. Figure 8 shows the average transfer function for all stations. This transfer function is almost constant, with an amplification of 3. Figure 8 shows that the amplitude of surface displacements of the dipping layer (thick line) is very similar to the spectral ratio of the 1995 subduction-zone earthquake. These results suggest that the seismic response of the average of southwestern stations for the 1995 earthquake can be explained by a simple model of a dipping layer, where the total wave field is represented by SH waves. Campillo et al. (1988) and Chávez-García et al. (1995) remarked that the incident wave field in Mexico City during the great 1985 Michoacán earthquake (M s 8.1) was dominated by guided propagation (higher modes), and the characteristics of SH waves (Love waves) and SV waves (Rayleigh waves) were very similar. Apparently, our SH model allows us to explain the seismic response for the September 1995 subductionzone earthquake. However, for the normal-fault earthquake, the agreement is not so good. This may be due to the strong ground motion recorded for the June 1999 inslab earthquake in the hill zone sites, which shows a high-frequency content and large amplitude due to a probable enhancement of amplitudes of P and SV waves, which cannot be reproduced using our simple SH model; the geologic structure of the Valley of Mexico is very complex on both the macro and local scales. These local heterogeneities may be yielding different amplification patterns when comparing different backazimuths of earthquakes, as has been shown in this work for waves arriving from the east (southeast, as the 1999 earthquake) compared with those arriving from the south (the 1995 earthquake). For instance, volcanic structures like Cerro de la Estrella and Sierra de Santa Catarina (Fig. 1) plane seismic response for this model, averaged it, and compared it with the spectral ratio obtained from strong-groundmotion data. The agreement is good and suggests that a smooth, large-scale feature could amplify seismic ground motion in a broad frequency band for subduction-zone earthquakes.
Finally, we present new evidence that the northern sites in the hill zone appear to be free of site effects. We propose to use northern strong ground motion as a virtual reference site free of local and regional-amplification effects, since a regional-amplification factor of 3 times (in the frequency range of 0.7-10 Hz) has been observed for CU and other sites located in the southern part of the hill zone.
